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New physics close to the electroweak scale is well motivated by a number of theoretical arguments.
However, colliders, most notably the Large Hadron Collider (LHC), have failed to deliver evidence
for physics beyond the Standard Model. One possibility for how new electroweak-scale particles
could have evaded detection so far is if they carry only electroweak charge, i.e. are color neutral.
Future e+e− colliders are prime tools to study such new physics. Here, we investigate the sensitivity
of e+e− colliders to scalar partners of the charged leptons, known as sleptons in supersymmetric
extensions of the Standard Model. In order to allow such scalar lepton partners to decay, we
consider models with an additional neutral fermion, which in supersymmetric models corresponds
to a neutralino. We demonstrate that future e+e− colliders would be able to probe most of the
kinematically accessible parameter space, i.e. where the mass of the scalar lepton partner is less
than half of the collider’s center-of-mass energy, with only a few days of data. Besides constraining
more general models, this would allow to probe some well motivated dark matter scenarios in the
Minimal Supersymmetric Standard Model, in particular the incredible bulk and stau co-annihilation
scenarios.
I. INTRODUCTION
The hierarchy problem and the WIMP (Weakly In-
teracting Massive Particle) paradigm both point to new
physics close to the electroweak scale. However, after
nearly a decade of operations, the Large Hadron Collider
(LHC) has not delivered evidence for physics Beyond the
Standard Model (BSM). While it is possible that the scale
of new physics is beyond the reach of the LHC, it is also
possible that new electroweak-scale particles are lurking
in a blind spot of the LHC.
Prime examples of models that could have thus far
evaded detection include those where the new states are
charged only under electromagnetism and not under the
strong force (Quantum Chromodynamics, QCD). While
such new states may still have sizable production cross
sections at hadron colliders, the signal can easily be
drowned out by SM QCD processes. The background
conditions at hadron colliders are particularly challeng-
ing when the BSM scenario yields only relatively soft vis-
ible decay products, as is the case for compressed BSM
spectra where several new particles are nearly degenerate
in mass. Lepton colliders could probe such BSM scenar-
ios much more easily for two reasons: First, leptons are
color neutral and thus backgrounds at lepton colliders are
produced via electroweak processes. Second, leptons are
fundamental particles, rendering collisions at lepton col-
liders much cleaner than events at hadron colliders where
composite protons interact.
A number of future e+e− colliders have been proposed,
such as the International Linear Collider (ILC) [1, 2], the
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Compact Linear Collider (CLIC) [3], the Circular Elec-
tron Positron Collider (CEPC) [4, 5], and the e+e− op-
tion of the Future Circular Collider (FCC-ee) [6]. ILC
and CLIC are linear colliders, while CEPC and FCC-
ee are circular colliders. Center-of-mass energies as low
as
√
s = 250 GeV will suffice for making progress in elec-
troweak and Higgs precision physics, notably via produc-
tion of Higgs bosons in association with Z bosons. New
physics hiding in LHC blind spots could be evident at
low center-of-mass energies, but, generally, larger
√
s is
more advantageous for new physics searches. The ILC
has been proposed with a
√
s = 500 GeV option [1, 2],
and CLIC may reach energies as large as
√
s = 3 TeV [3].
All proposed collider projects are envisaged to collect in-
tegrated luminosities of a few ab−1.
In this work, we examine the prospects of future lepton
colliders to probe scenarios where the SM is extended by
scalar partners of the charged leptons. In supersymmet-
ric (SUSY) models, such particles are referred to as slep-
tons. We will use SUSY-inspired language to refer to such
particles in the remainder of this paper, but our results
apply to a wide class of new spin zero particles charged
only under electromagnetism, as we will see below. More
concretely, we consider the pair production of such slep-
tons and their subsequent decay to the associated charged
SM lepton and a new neutral fermion which leaves the
detector without depositing energy. While the sensitivity
of lepton colliders to new fermionic states charged only
under the electroweak force, referred to as electroweaki-
nos in SUSY language, has been studied extensively, see
e.g. Refs. [5, 7–11] and references therein, sleptons have
received considerably less attention (note important work
in [12–25]).
We consider BSM models extending the SM by a slep-
ton ˜`, a spin-zero state with electromagnetic charge and
lepton number one, but neutral under QCD. If we assume
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2lepton number and flavor to be conserved, the slepton has
no decay mode that includes only SM particles. Collid-
ers constrain the mass of new stable charged scalars to be
m˜`& 450 GeV [26, 27]. Charged stable particles are also
severely constrained by cosmology, see e.g. Refs. [28–
30]. In order to allow for the slepton to decay in a lepton
number and flavor conserving manor, we introduce a neu-
tral fermion χ which does not carry lepton number. For
mχ < m˜`+m`, this opens the decay channel ˜`→ `+ χ,
where ` is the charged SM lepton of the same flavor as ˜`.
If ˜` carries muon number, we will refer to it as a smuon
µ˜, if it carries tau number as a stau τ˜ , and if it carries
electron number as a selectron e˜.
SUSY models such as the Minimal Supersymmetric
Standard Model (MSSM) [31–33] provide concrete re-
alizations of BSM models with sleptons ˜` and neutral
fermions χ. More specifically, in SUSY models the super-
symmetric partners of the leptons (i.e. the sleptons) play
the role of ˜`, and the partners of the neutral Higgs bosons
and the electroweak gauge bosons give rise to fermionic
neutral states (i.e. the neutralinos) playing the role of
χ (see e.g. Ref. [34]). Instead of lepton number conser-
vation invoked above, in SUSY models R-parity [35] en-
sures the stability of the Lightest Supersymmetric Parti-
cle (LSP). For our purposes, R-parity can be understood
as a Z2 symmetry under which all SM states are even,
and their superpartners (i.e. the new states) are odd.
If one of the neutralinos is the LSP, R-parity thus ren-
ders χ a dark matter candidate. Models where one of
the smuons or staus is the next-to-LSP (NLSP) are of
particular interest for dark matter model building in the
MSSM because they offer a way to achieve the correct
dark matter relic density, see e.g. Refs. [36–42]
Sleptons can be pair produced at colliders, where they
would then decay into a pair of opposite-sign charged SM
leptons of the same flavor as the sleptons and a pair of
χ’s. Since the χ is, by construction, neutral and stable, it
would leave the detector without depositing energy, man-
ifesting as missing energy. For smuons and selectrons,
the collider signature will thus be a pair of opposite-
sign same-flavor leptons plus missing energy. For staus, a
number of final states arise depending on the decay mode
of the taus. Leptonic tau decays give rise to particularly
clean final states, and, as we will see, the most interest-
ing final state will be a pair of opposite-sign leptons of
different flavor accompanied by missing energy.
Prospects for slepton searches at hadron colliders such
as the LHC have been discussed extensively in the con-
text of the MSSM (see e.g. Refs. [43–50]). The ability to
probe different parts of the parameter space depends cru-
cially on the spectrum of SUSY particles, in particular
the slepton mass m˜` and the mass gap between the slep-
ton and the neutralino, m˜`−mχ. It is relatively straight-
forward to probe large mass gaps (m˜`−mχ & 60 GeV) at
the LHC. For such mass gaps, the LHC will have discov-
ery reach for slepton masses as large as m˜` . 500 GeV
with L = O(500) fb−1 of data [50]. However, the kine-
matics make it difficult to differentiate the signal from the
SM background coming from leptonic decays of W+W−
pairs for m˜`− mχ ∼ mW /2. In order to improve the
sensitivity of the LHC to more compressed scenarios (i.e.
smaller mass gaps m˜`− mχ), one can search for slep-
ton pair production accompanied by an additional hard
(hadronic) jet from initial state radiation (ISR). Such an
ISR jet provides a transverse boost to the ˜`+ ˜`− system.
Using kinematic cuts taking advantage of the boosted
topology, one can regain some sensitivity to the com-
pressed region. Reference [45] focused on the regime
5 GeV . m˜`−mχ . 20 GeV, and showed that the LHC
could probe this compressed region for slepton masses up
to m˜` . 150 GeV. Reference [44] obtained similar reach
for the compressed regime using hadronic jets from vec-
tor boson fusion production of the sleptons instead of
an ISR jet. Reference [49] investigated the ability of
the LHC to probe intermediated mass gaps, 10 GeV .
m˜`−mχ . 60 GeV, using a hard ISR jet. Ref. [49] found
that with the data expected to be collected in upcoming
LHC runs, slepton masses up to m˜` . 200 GeV could
be probed for mass gaps 10 GeV . m˜`−mχ ∼ 20 GeV,
and that mass gaps larger than that are more challenging
to probe because of the kinematic similarity to the SM
W+W− background as m˜`− mχ → mW /2. Note that
Refs. [44, 45, 49] focused on selectrons and smuons; the
LHC is even less sensitive to staus, because (τ˜± → τ±χ)
decays give rise to softer charged leptons in the final
states than (e˜±/µ˜± → e±/µ± + χ) decays.
Compared to hadron colliders, slepton searches at
e+e− colliders are considerably more straightforward.
Because of the absence of the underlying event and pile-
up, which clutter the final states at hadron colliders, and
because at an e+e− collider the detector frame coincides
with the center-of-mass frame of the e+e− collisions, re-
constructing soft charged leptons as well as missing en-
ergy is much simpler. Furthermore, future e+e− colliders
are envisaged to operate without triggers, hence, even fi-
nal states containing only very soft leptons and relatively
small missing energy can be used for physics searches.
Searches for selectron and smuon pair production at
e+e− colliders were first proposed in Ref. [12], while
searches for stau pair production were discussed first in
Refs. [13, 14]. Most previous studies investigating slepton
pair production at future e+e− colliders focused on the
reconstruction of the mass spectra and values of the cou-
plings for particular MSSM benchmark points, see e.g.
Refs. [13, 15–21, 23–25, 51]. The discovery potential of
lepton colliders within the Constrained MSSM (CMSSM)
and similar scenarios has been discussed in Ref. [22]. A
study of the coverage of SUSY scenarios with a smuon or
stau NLSP and neutralino LSP at future lepton collid-
ers for a wide range of LSP and NLSP masses has been
presented in Ref. [24] (the results of this study have also
been re-published in Refs. [52, 53]), with the aim to de-
termine the regions of the LSP-NLSP mass plane within
reach of a
√
s = 500 GeV e+e−-collider.
In this work we present a more general scan of the pa-
3rameter space of a simplified model with light sleptons.
We consider a spectrum where only one smuon or stau is
close to the mass of the neutral fermion χ and assume the
slepton decays exclusively to χ and the SM lepton of the
same flavor as the slepton. Such an approach allows us to
explore the sensitivity of future e+e− colliders to general
BSM models containing scalar lepton partners and new
neutral fermions in a broad setting. While our results
can directly be applied to SUSY models, they can also
be interpreted in more general models, without the par-
ticular relations between model parameters introduced
by SUSY. The kinematic cuts we use for event selection
are qualitatively similar to those used in previous stud-
ies, however, in our case the cuts are optimized for a
wide region of masses of the slepton and χ instead of a
particular benchmark point. Furthermore, previous stud-
ies discussing searches for stau pair production at e+e−
colliders made use of semi-hadronic or fully hadronic de-
cays of the taus produced in the stau decays, see e.g.
Refs. [13, 14, 17, 19, 23, 24]. Here, we instead propose
to use fully leptonic tau decays, in particular, the final
state containing a pair of different-flavor charged leptons
accompanied by missing energy, (e±µ∓ + /E). While the
corresponding tau branching ratios are smaller than the
hadronic branching ratios of taus, this final state offers
both excellent /E reconstruction, because the charged lep-
tons are comparatively easy to reconstruct, and compar-
atively small SM backgrounds.
We consider two concrete scenarios for an e+e− col-
lider:
√
s = 250 GeV and
√
s = 500 GeV. We compute
the smallest cross section which could be probed as a
function of the masses of the slepton and the new neu-
tral fermion χ, assuming luminosities of L = 0.5 ab−1
for the
√
s = 250 GeV scenario and L = 1 ab−1 for√
s = 500 GeV.1 As we will see, for most combinations
of masses, the cross sections which could be probed with
these luminosities are orders of magnitude smaller than
what we expect in our model. Thus, we also compute
how much luminosity would be required to probe a given
combination of masses of the slepton and the new neutral
fermion. We furthermore explore the effects of longitudi-
nal beam polarization on the sensitivity. Reaching sizable
polarization fractions is expected to be rather straight-
forward at linear colliders, while the feasibility of longitu-
dinal beam polarization at circular colliders is a matter
of ongoing debate. As we will demonstrate, achieving
significant polarization fractions would make it consider-
ably easier to probe sleptons at a future lepton collider.
While we present results only for center-of-mass ener-
gies
√
s ≤ 500 GeV, we can readily extrapolate from our
1 The luminosities referred to here are the integrated luminosities
recorded in a specific polarization configuration. Since we are
interested in the effect of longitudinal beam polarization on the
sensitivity, we choose these benchmark luminosities to be some-
what lower than the total luminosities envisaged for the different
lepton collider projects discussed above.
results that an e+e− collider with larger center-of-mass
energy could probe sleptons almost all the way to the
pair production threshold m˜` . √s/2 for any mass gap
m˜`−mχ with a few fb−1 of data.
This analysis is directly applicable to a number of dark
matter scenarios - simplified, stand-alone, or within the
MSSM - that can be constrained simply by the mass of
the lightest slepton. In a scenario we refer to as the
incredible bulk, the pair-annihilation of a mostly bino-
like neutralino LSP (singlet fermion dark matter candi-
date) proceeds through t-channel exchange of either a
smuon [40] or a stau [39] and can yield the correct relic
density for sizable left-right mixing of the sleptons. As
discussed in Ref. [40], the dark matter annihilation cross-
section in the incredible bulk is maximized when the neu-
tralino mass is similar to that of the lightest slepton.
Since the relevant couplings of the bino-like neutralino
to the lightest slepton are given by the SM hypercharge
of the corresponding lepton, it can be shown that the cor-
rect relic density cannot be produced via this mechanism
for m˜`& 150 GeV.
In the more well-studied case of stau co-annihilation,
the lightest stau is nearly degenerate in mass with the
neutralino LSP and, thus, annihilation processes involv-
ing one or two staus in the initial state must also be
accounted for in the calculation of the relic density [36–
38, 41, 42]. While in constrained frameworks such as the
CMSSM the observed relic density can only be obtained
for stau masses below ∼ 400 GeV in the co-annilihilation
regime (for example, see Ref. [54]), the feasible param-
eter region is larger when considering more general ver-
sion of the MSSM. A recent analysis in Ref. [42] aimed
to identify the largest stau masses permitted in MSSM
scenarios with significant left-right mixing. Depending
on how constraints from charge-breaking vacua are im-
plemented, they found that the lightest stau must satisfy
m˜` . 0.9 − 1.4 TeV to obtain the correct relic density.
An e+e− collider with higher center-of-mass energy, e.g.
CLIC, would be required to fully investigate typical co-
annihilation scenarios, but, as we will demonstrate, an
e+e− collider with
√
s = 500 GeV could probe most of
the feasible parameter space of the incredible bulk in the
MSSM.
The remainder of this paper is organized as follows:
In Sec. II we describe the BSM model studied here in
more detail. In Sec. III we describe the numerical collider
simulations we use to compute the sensitivity of future
e+e− colliders to sleptons, and, in particular, the set of
kinematic cuts we use to reduce the SM background. In
Sec. IV we show results for the sensitivity of future e+e−
colliders with
√
s = 250 GeV and
√
s = 500 GeV in the
(m˜`,mχ) plane. We present our conclusions in Sec. V.
Additional details about the kinematic cuts we use for
the event selection can be found in the Appendices.
4II. MODEL SETUP
We extend the SM by spin zero partners of the charged
leptons with electromagnetic charge Q = −e and to
which we assign lepton number one. We denote these
spin zero partners according to their flavor, ˜`= e˜, µ˜, τ˜ ,
and for simplicity we refer to e˜ as selectrons, µ˜ as smuons,
and τ˜ as staus throughout the text. We assume the con-
servation of lepton and baryon number (as well as fla-
vor), which ensures the stability of the lightest slepton.2
We assume the sleptons to be the Q = −e component
of an SU(2)L multiplet. We limit ourselves to consider-
ing sleptons stemming from SU(2)L singlets and SU(2)L
doublets in this paper, although our results straightfor-
wardly extend to sleptons stemming from larger represen-
tations. In analogy to the SM conventions, we refer to
sleptons stemming from SU(2)L singlets as right-handed
sleptons ˜`R, and states stemming from SU(2)L doublets
as left-handed sleptons ˜`L. We assume flavor conserva-
tion, forbidding mixing between sleptons of different fla-
vor, but allow for intergenerational mixing, i.e. left-right
mixing. We write the mass eigenstates ˜`i = ˜`1,2 for each
flavor as (˜`
1˜`
2
)
=
(
cosα sinα
− sinα cosα
)(˜`
L˜`
R
)
, (1)
where α is the left-right mixing angle and ˜`1 is the lighter
of the two states (m˜`
1
< m˜`
2
).
In order to give the sleptons decay channels, we add
a new fermion χ with Q = 0 to the model. If this new
fermion does not carry lepton number, it opens a decay
channel (˜`± → χ`±) if mχ < m˜`−m`, where `± is the
charged SM fermion of the same flavor as ˜`. The fermion
χ, which we refer to as a neutralino, can again stem
from a non-trivial representation of SU(2)L, although
this does not impact the phenomenology considered here.
The relevant terms in the Lagrangian are
L ⊃
∣∣∣Dµ ˜`∣∣∣2−m2˜`
i
|˜`i|2+χ¯ (i /D −mχ)χ−(κ˜`†i χ¯`i + h.c.) ,
(2)
where κ is a free dimensionless coupling. Note that gauge
invariance dictates all interactions of the sleptons and the
neutralinos with the SM gauge bosons. We have omitted
additional operators which couple pairs of sleptons or
neutralinos to the Higgs doublet; they do not lead to any
relevant new interactions.
The assumption of lepton and baryon number conser-
vation renders the lightest state of the sleptons (of a given
flavor) and neutralinos stable. An alternative route to
achieving such stability and ensuring that the sole decay
2 Stability of the lightest slepton could also be ensured via matter
parity, i.e. assuming B−L to be conserved, instead of conserving
L and B individually.
channels of the sleptons and neutralinos are (˜`± → χ`±)
or (χ → ˜`±`∓) would have been to impose a Z2 sym-
metry under which the sleptons and neutralinos are odd
while all SM fields are even. Before continuing, let us
stress that while we use SUSY-inspired language to refer
to the new states in this model, SUSY would not impact
our results. This is because the only effect of SUSY on
this model would be to relate the coupling κ to other cou-
plings in the SUSY model, assuming that all other BSM
states are heavier than the sleptons and the neutralino.3
Since this coupling gives rise to the sole decay channel
of the sleptons/neutralinos, the numerical value of κ has
no effect on the phenomenology. In SUSY models, R-
parity would have played the role of the Z2 symmetry
mentioned above, ensuring the stability of the lightest
new state instead of lepton number conservation.
At e+e− colliders, sleptons may be readily pair pro-
duced via s-channel exchange of photons and Z bosons.
Selectrons may also be pair produced via t-channel ex-
change of a neutralino. If m˜`< mχ, the slepton will be
stable and thus the collider signature will be the pair pro-
duction of new stable charged particles. Searches carried
out at the LHC rule out such new stable charged particles
for m˜`. 450 GeV, see e.g. Refs. [26, 27]. When consid-
ered in combination with constraints from the formation
of exotic atoms containing the sleptons, which can sub-
sequently alter the light element abundances produced
during big bang nucleosynthesis (see e.g. Refs. [28, 29]),
such charged particles indeed cannot be completely sta-
ble. We thus focus on the mχ < m˜` case in the remainder
of this work, where the neutralino is a neutral, stable par-
ticle and, thus, constitutes a good dark matter candidate.
Indeed, a number of SUSY-motivated dark matter mod-
els feature a SUSY neutralino as the lightest new state
and a slepton as the next-to-lightest, see e.g. Refs. [36–
40].
Ifmχ < m˜`, each of the sleptons will decay to a charged
SM lepton of the same flavor and a neutralino, as shown
in Fig. 1. Since the neutralinos are neutral and stable,
they will leave the detector without depositing energy,
manifesting as missing energy /E. In summary, the final
states observable at a lepton collider are
• for selectrons (˜`= e˜), a pair of opposite-sign elec-
trons accompanied by missing energy, (e+e− + /E);
3 Note that for typical choices of parameters in the MSSM, the
charged component of a left-handed slepton doublet is heav-
ier than the sneutrino, the neutral component of that doublet.
Thus, the situation where a neutralino is the lightest and a pure
left-handed charged slepton the next-to-lightest supersymmetric
particle is difficult to achieve in the MSSM. However, the mass
splitting between the sneutrino and the slepton is smaller than
the W -boson mass; thus, (˜`± → `±+χ) will still be the dominant
decay mode since ˜`± → ν˜+(W ∗ → X) decays are suppressed by
the off-shell nature of the intermediary W± boson. Here, we de-
note the sneutrino as ν˜, and X stands for the possible SM states
arising from the decay of the off-shell W -boson (e.g. two quarks
or W± → `±v`).
5e−
e+
Z/γ
ℓ˜+
ℓ˜−
ℓ+
χ
χ
ℓ−
FIG. 1. Illustration of slepton pair production via Z-boson
and photon exchange at a lepton collider and subsequent de-
cays of the sleptons ˜` into a charged SM lepton ` of the same
flavor as the slepton and a neutralino χ. Note that for se-
lectrons (˜` = e˜) there are additional (e+e− → e˜+e˜−) pro-
duction diagrams where a neutralino χ is exchanged in the
t-channel. We only consider the production of smuons and
staus in this work. As discussed in the text, although we use
SUSY-inspired language to refer to the states ˜` and χ, our
analysis is not confined to SUSY models.
• for smuons (˜`= µ˜), a pair of opposite-sign muons
accompanied by missing energy, (µ+µ− + /E);
• for staus (˜` = τ˜), the final state depends on the
decay mode of the τ± produced in the (τ˜± → χτ±)
decays. The cleanest final states arise from leptonic
decays of the taus, resulting in (e+e−+ /E), (e±µ∓+
/E), and (µ+µ− + /E) final states.
While interesting, selectron pair production is most dif-
ficult to probe because the (e+e−+ /E) final state suffers
from relatively large backgrounds at e+e− colliders. Note
that unlike for smuons and staus, the selectron pair pro-
duction cross section also depends on the value of the
coupling κ. Furthermore, from the standpoint of dark
matter model building, achieving sufficiently large anni-
hilation cross sections for canonical freeze-out production
requires large left-right mixing of the selectrons, which is
generally in conflict with measurements of the electric
and magnetic dipole moments of the electron, see e.g.
Ref. [40]. Thus, we focus on smuon and stau production
in this paper.
As we will see below, the most challenging background
for µ+µ− + /E final states comes from W+W− pair pro-
duction (as well as ZZ pair production). At the center-
of-mass energies proposed for future e+e− colliders, the
photon components of the electron/positron beams be-
come non-negligible. This gives rise to sizable (γγ →
µ+µ−) backgrounds which have non-vanishing /E since
the center-of-mass system of γγ collisions can feature siz-
able boosts along the beam axis. For stau searches, the
most sensitive final state is (e±µ∓ + /E). This channel
has much smaller background rates than the final states
with a same-flavor lepton pair. For example, compared
to the (µ+µ−+ /E) final state, backgrounds from ZZ pair
production and (γγ → µ+µ−) are absent.
Future lepton colliders, in particular linear colliders
such as the ILC or CLIC, are envisaged to operate
with the option of sizable longitudinal beam polarization.
This is advantageous for slepton searches, as the cross
sections of both the most relevant background processes
and the signal production cross sections are non-trivial
functions of the beam polarization. Thus, it is useful to
write the production cross section at lepton colliders in
terms of the polarized production cross sections
σ = fL(e
−)fL(e+)σLL + fL(e−)fR(e+)σLR
+ fR(e
−)fL(e+)σRL + fR(e−)fR(e+)σRR ,
(3)
where σij with {i, j} = {L,R} is the cross section from
e−i e
+
j states, and fi is the (longitudinal) beam polariza-
tion fraction
fL =
nL
nL + nR
, fR =
nR
nL + nR
, (4)
with the number of left-(right-)polarized electrons in the
beam nL (nR). The beam polarization is commonly pa-
rameterized by
PR = fR − fL , (5)
and we use this convention in the rest of this work.
In particular, we denote the polarization as P =
[PR(e
−), PR(e+)], where PR(e±) denotes the polariza-
tion of the electron/positron beam. In this notation,
PR = 0.8, for example, corresponds to beam-polarization
fractions fR = 90 % and fL = 10 %, while PR = −0.8
corresponds to fR = 10 %, fL = 90 %. PR = 0 corre-
sponds to an unpolarized beam, fL = fR = 50 %.
For slepton searches, W+W− pair production is one
of the most problematic background sources. Because
W -bosons directly couple to left-handed leptons, but not
to right-handed leptons, the production cross section of
W+W− pairs can be efficiently suppressed at lepton col-
liders by choosing mostly right-handed polarizations for
the electron and positron beams. The production cross
section of left-handed sleptons also falls with increas-
ing right-handed beam polarization, while the produc-
tion cross section of pairs of right-handed sleptons grows
with the right-handedness of the beams.
The production cross section for pairs of smuons or
6staus can be written as4
dσLL/RR(e
+e− → ˜`i ˜`i)
d cos θ
=
piα2EM
2s
[
1 + gii˜` gLL/RR ss−m2Z
]2
×
(
1−
4m2˜`
s
)3/2
sin2 θ ,
(6)
where s is the squared center-of-mass energy, αEM is the
fine structure constant, mZ is the mass of the Z-boson,
and θ is the scattering angle in the center-of-mass frame.
The effective coupling of pairs of sleptons to Z-bosons is
gii˜` =
{
cos2 α
sin(2θW )
− tan θW for ˜`i = ˜`1 ,
sin2 α
sin(2θW )
− tan θW for ˜`i = ˜`2 , (7)
where sin θW is the weak mixing angle and α is the left-
right slepton mixing angle, as in Eq. (1). Likewise, the
effective coupling of left-(right-)handed electrons to Z
bosons is parameterized by
gLL =
1
2
(cot θW − tan θW ) , (8)
gRR = − tan θW . (9)
Smuon and stau pair production proceeds via s-channel
exchange of a photon or a Z-boson. Since neither the
photon nor the Z-boson couple to combinations of one
left-handed and one right-handed electron, σRL = σLR =
0.
For non-zero left-right mixing sinα 6= 0, (e+e− →˜`
1
˜`
2) production is possible. Photons do not couple to˜`
1
˜`
2, so production proceeds only via s-channel exchange
of Z-bosons. The differential cross section can be written
as
dσLL/RR(e
+e− → ˜`1 ˜`2)
d cos θ
=
piα2EM
2s
sin2(2α)g2LL/RR
4 sin2(2θW )
(
s
s−m2Z
)2
×
{[
1− (m1 +m2)
2
s
][
1− (m1 −m2)
2
s
]}3/2
sin2 θ ,
(10)
where m1 and m2 are the masses of ˜`1 and ˜`2, respec-
tively. Note that these tree-level results are subject to
4 Here we are neglecting the photon component of the elec-
tron/positron, which can be relevant in highly relativistic e+e−
collisions. While properly incorporating the electron’s photon
component would have negligible effects on the e+e−-induced
processes discussed in this section, γγ induced backgrounds are
relevant in our analysis.
radiative corrections. For the case of the MSSM, Ref. [18]
found that radiative corrections typically enhance the
smuon and stau pair production cross section by a few
percent, except close to the kinematic threshold, where
the corrections can be as large as ∼ 10 %. Therefore, our
results are relatively robust with respect to such radiative
corrections.
The different processes for slepton production at lepton
colliders, in particular both the amplitudes mediated by
the massive Z-boson and the massless photons, all yield
the same dependence on the scattering angle
dσ
d cos θ
∝ sin2 θ , (11)
see Eqs. (6) and (10). The sole effect of changing the
polarization of the electron/positron beams and/or the
left-right mixing angle α on the signal spectra is thus to
change the normalization, not the shapes of the kinematic
distributions.
Finally, the production cross sections of the observable
final states can be obtained by taking into account the
relevant branching ratios as long as the narrow width
approximation holds. For smuons, the (µ+µ− + /E) final
state production cross section is
σ(e+e− → µ˜+µ˜− → µ+µ− + /E)
= σ(e+e− → µ˜+µ˜−)× [BR(µ˜± → χµ±)]2 , (12)
where BR(µ˜± → χµ±) is the branching ratio of the
smuon into a neutralino and a muon, and σ(e+e− →
µ˜+µ˜−) is the production cross section of the µ˜ mass
eigenstate considered which is obtained via Eq. (3) after
inserting and integrating the relevant differential cross
sections Eq. (6) or (10). As discussed earlier, in our sim-
plified model, the smuon branching ratio is BR(µ˜± →
χµ±) = 1 regardless of the values of κ and α as long as
mµ˜ > mχ +mµ, and 0 otherwise. However, in extended
models where additional decay channels are allowed, e.g.
in SUSY models with additional states lighter than the
smuon, the value of the branching ratio can differ from
one.
Likewise, for stau production in the (µ+µ− + /E) final
state, the cross section is given by
σ(e+e− → τ˜+τ˜− → µ+µ− + /E)
= σ(e+e− → τ˜+τ˜−)× [BR(τ˜± → χτ±)]2
× [BR(τ± → µ±ντνµ)]2 ,
(13)
where again the branching ratio BR(τ˜± → χτ±) = 1 as
long as mτ˜ > mχ+mτ . The production cross section for
the (e±µ∓ + /E) final state is
σ(e+e− → τ˜+τ˜− → e±µ∓ + /E)
= σ(e+e− → τ˜+τ˜−)× [BR(τ˜± → χτ±)]2
× 2 BR(τ± → e±ντνe)× BR(τ± → µ±ντνµ) .
(14)
7Note that due to the branching ratios of the leptonic τ
decays
BR(τ± → e±ντνe) ≈ BR(τ± → µ±ντνµ) ≈ 18 % , (15)
the relevant signal cross sections for staus are a sup-
pressed by a factor of ∼ 1/30 compared to the smuon
signal cross sections.
III. COLLIDER SIMULATIONS
In order to estimate the sensitivity of future e+e−
colliders to charged lepton partners, we numerically
simulate signal and background events. We use
MadGraph5 aMC@NLO v2.6.1 [55] for the generation of the
hard event, pythia6 [56] for showering5, and the fast de-
tector simulation Delphes3 [58]. For (charged lepton +
/E) final states at an e+e− collider, the results of shower-
ing and detector effects are only to smear the momenta
of the detectable final states and to account for loss of
charged leptons due to geometric detector coverage and
mis-identification. Since the energy reconstruction of
charged leptons is comparatively easy at e+e− colliders,
the precise implementation of the detector does not have
large effects on the sensitivity in (charged lepton + /E)
final states. For concreteness we use the Delphes detec-
tor card from Ref. [59] based on proposed ILC detector
designs.6
We simulate background and signal processes for two
center-of-mass energies,
√
s = 250 GeV and
√
s =
500 GeV, as well as for three different polarization set-
tings, P = (0, 0), P = (0.8, 0.3), and P = (−0.8,−0.3),
as defined in Eq. (5).
We describe the background and signal simulations for
the (µ+µ−+ /E) and (e±µ∓+ /E) final states in Secs. III A
and III B, respectively. In order to define a set of kine-
matic cuts for the event selection, we compare the kine-
matic distributions of the backgrounds to those of the
signal for benchmark values of the slepton and neutralino
masses. We discuss the most relevant features of the kine-
matic cuts employed here in the respective subsections;
a more detailed description can be found in the Appen-
dices A and B.
A. (µ+µ− + /E) Final State
A number of SM processes can give rise to (µ+µ−+ /E)
final states at an e+e− collider. We simulate SM pro-
cesses giving rise to a pair of opposite charge muons
5 We use pythia6 because the more recent pythia8 [57] does not
support photon beams in the initial state.
6 We note that more sophisticated simulation chains are available
for future lepton colliders (see for example Refs. [10, 11, 60]).
However, the chain we have chosen is sufficient for the analysis
here, see for example the discussion in Ref. [61].
Background process # of samples
e+e− → µ+µ− 107
e+e− → µ+µ− + 2ν 107
e+e− → µ+µ− + 4ν 5× 106
γγ → µ+µ− 109
γγ → µ+µ− + 2ν 107
γγ → µ+µ− + 4ν 107
TABLE I. Number of events produced for each of the different
background categories for the (µ+µ− + /E) final state.
Kinematic Variable
√
s = 250 GeV
√
s = 500 GeV
/E > 5 GeV > 5 GeV∣∣cos θ(/E)∣∣ < 0.9 < 0.9
∆φ(`+, `−) < 0.6pi < 0.8pi
m`` 6∈ (81; 101) GeV 6∈ (81; 101) GeV
m`` < 150 GeV < 300 GeV
|cos θ(`1)| < 0.8 < 0.8
TABLE II. Kinematic cuts for event selection for smuon
searches in the (µ+µ− + /E) final state.
and zero, two, or four neutrinos (of any flavor). For
each final state, we simulate event samples stemming
from e+e− collisions as well as from γγ collisions. As
discussed above, the latter initial state arises from the
photon components of the electron and positron beams,
which become non-negligible at the center-of-mass ener-
gies considered here. We use the default implementation
of the electron’s photon component in MadGraph5, which
is based on the parameterization in Ref. [62].
Out of these background processes, (e+e− → µ+µ−)
events have no /E at the truth level. Nonetheless, such
events can feature /E > 0 in the detector because of mis-
measured momenta of the leptons. (γγ → µ+µ− + /E)
events on the other hand have non-vanishing /E in the
detector frame already at the truth level, because the
center-of-mass frame of the γγ system can have sizable
boosts along the beam axis with respect to the detector
frame. Note though that (γγ → µ+µ− + /E) events have
no true transverse missing energy. All other background
processes considered here feature true missing transverse
energy from the neutrinos. In Tab. I we list the number
of events simulated for each of the background categories,
which were chosen to yield sufficiently well-sampled back-
ground distributions after kinematic cuts. Note that we
oversample (γγ → µ+µ−) events because only the tails of
the distributions from such events will survive our kine-
matic cuts.
In order to differentiate the signal from the background
spectra, we employ a set of kinematic observables:
• the momentum of the leading (charged) lepton,
p(`1),
• the (cosine of the) polar angle of the leading lepton
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FIG. 2. Distribution of leading lepton momenta p(`1) in the (µ
+µ− + /E) final state after kinematic cuts described in the text
and denoted in the figures. The left panel is for a center-of-mass energy of
√
s = 250 GeV and the right panel for
√
s = 500 GeV.
Both panels are for unpolarized beams P = (0.0, 0.0). In each panel, the stacked histogram shows the different background
components as indicated in the legend. Note that the (e+e− → 2µ2ν) background category (green) excludes events which
stem from on-shell W+W− pair production, such events are shown separately (purple). The (γγ → 2µ(2n)ν) background
category includes both (γγ → 2µ2ν) and (γγ → 2µ4ν) events. The solid lines show (e+e− → γ/Z → µ˜+µ˜− → µ+µ−χχ) signal
distributions for the various benchmark values of the smuon mass mµ˜ and neutralino mass mχ indicated in the legend.
with respect to the beam axis, cos θ(`1),
• the invariant mass of the charged lepton system,
m``,
• the opening angle between the charged leptons in
the plane transverse to the beam axis, ∆φ(`+, `−),
• the missing energy, /E,
• the (cosine of the) polar angle of /E with respect to
the beam axis, cos θ(/E).
We employ a series of kinematic cuts on these variables
in order to suppress background events, see Appendix A
for a more detailed discussion. The numerical values of
the cuts can be found in Tab. II and the labels of Fig. 2.
In order to reduce the backgrounds from (e+e− →
µ+µ−) and (γγ → µ+µ−) events, we employ a lower
cut on /E, an upper cut on
∣∣cos θ(/E)∣∣, and an upper cut
on ∆φ(`+, `−). These cuts effectively demand events to
feature transverse missing energy.
In order to reduce the remaining backgrounds, we em-
ploy two separate cuts on m``: Background events where
the charged leptons stem from the decay of an on-shell
Z-boson are suppressed by excluding events where m`` '
mZ . Furthermore, in the (e
+e− → µ˜+µ˜− → µ+µ−χχ)
signal events, some of the center-of-mass energy is ab-
sorbed by the production of the (stable) massive neu-
tralinos in the final state. For the background events
on the other hand, no heavy particles are present in the
final state. Thus, we utilize an upper cut on m`` to re-
ject backgrounds where all neutrinos are soft and hence
m`` →
√
s. Finally, signal events are produced via s-
channel processes, while much of the background stems
from t-channel processes, e.g. (e+e− → W+W−) pair
production via t-channel exchange of a neutrino. Com-
pared to s-channel processes, t-channel processes result
in charged leptons that are more collimated along the
beam axis, thus, we use an upper cut on | cos θ(`1)|.
In Fig. 2 we show the distributions of leading lepton
momenta, p(`1), after these cuts for the backgrounds
(stacked histograms) together with the signal distribu-
tions for various benchmark values of the smuon and
neutralino masses. The p(`1) distribution is the final
discriminating variable; in Sec. IV we project the sen-
sitivity of future e+e− colliders as a function of smuon
and neutralino masses by optimizing a signal window in
p(`1) in addition to the kinematic cuts described above.
Note that here and in all other figures showing back-
ground spectra, we select (post simulation) background
events in the (µ+µ−+2ν) final state which feature a pair
of intermediate on-shell W+W− bosons and show them
separately from the other (µ+µ− + 2ν) background.
The shape of the p(`1) spectrum is controlled by mµ˜
and the ratio mχ/mµ˜. It is straightforward to work
out from the kinematics that the (true) momenta of the
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FIG. 3. Scaling of the slepton production cross section with
the left-right mixing angle sinα for different beam polariza-
tions as indicated in the legend. sinα = 0 corresponds to
left-handed sleptons, ˜`1 = ˜`L, and sinα = 1 to right-handed
sleptons, ˜`1 = ˜`R.
muons lie in between [20]
p(µ±)max
min
=
mµ˜
2
(
1− m
2
χ
m2µ˜
)
γ (1± β) , (16)
where we neglected the muon mass, β =
√
1− 4m2µ˜/s
is the boost of the smuon in the detector frame, and
γ = 1/
√
1− β2. For compressed spectra, mχ → mµ˜, the
muons become soft, even for mµ˜ 
√
s/2. As we will see
in Sec. IV, e+e− colliders remain sensitive to slepton pair
production even for mχ → mµ˜.
The signal spectra in Fig. 2 are for production of right-
handed smuons µ˜R. As discussed in Sec. II, consider-
ing instead left-handed smuons µ˜L or left-right mixed
mass eigenstates (e+e− → µ˜1µ˜1 → µ+µ−χχ) with
µ˜1 = µ˜L cosα + µ˜R sinα, would only have changed the
production cross section, i.e. the normalization, but not
the shape of the kinematic distributions. In Fig. 3 we
show the production cross sections for smuons and staus
as a function of the left-right mixing angle α. For non-
polarized beams with P = (0, 0), the production cross
section is only weakly dependent on α. For mostly right-
handed [left-handed] initial electron and positron beams,
P = (0.8, 0.3) [P = (−0.8,−0.3)] on the other hand, the
production cross section for left-handed smuons/staus is
a factor of ∼ 4 smaller [larger] than the production cross
section for right-handed smuons/staus.
Similarly, much of the background involves the produc-
tion of electroweak gauge bosons. Since W -bosons couple
to pairs of left-handed fermions, but not to right-handed
fermions, the normalization of various background com-
Kinematic Variable
√
s = 250 GeV
√
s = 500 GeV
/E > 5 GeV > 10 GeV∣∣cos θ(/E)∣∣ < 0.6 < 0.6
∆φ(`+, `−) < 0.6pi < 0.6pi
m`` 6∈ (81; 101) GeV 6∈ (81; 101) GeV
m`` < 75 GeV < 150 GeV
|cos θ(`1)| < 0.8 < 0.8
TABLE III. Kinematic cuts for event selection for stau
searches in the (µ+µ− + /E) final state.
Kinematic Variable
√
s = 250 GeV
√
s = 500 GeV
/E < 25 GeV < 50 GeV
∆φ(`+, `−) < 0.6pi < 0.8pi
|cos θ(`1)| < 0.6 < 0.6
TABLE IV. Kinematic cuts for event selection for stau
searches in the (e±µ∓ + /E) final state.
ponents also depends on the beam polarization. Gen-
erally, the more right-handed the electron and positron
beam polarizations become, the less SM background is
produced in the (µ+µ− + /E) final state. In Fig. 4 we
show the distribution of the leading lepton momenta for
the backgrounds together with benchmark signal spectra
for right-handed smuons for mostly left-handed beam po-
larizations P = (−0.8,−0.3) in the left panel and mostly
right-handed beam polarization P = (0.8, 0.3) in the
right panel. As anticipated, mostly right-handed beam
polarization is the preferred configuration when prob-
ing right-handed smuons. The sensitivity to left-handed
smuons on the other hand is virtually independent of the
beam polarization since the signal production cross sec-
tion and those of the most relevant backgrounds scale
similarly with the beam polarizations.
Let us briefly comment on probing stau pair produc-
tion in the (µ+µ− + /E) final state. As discussed in
Sec. II, the signal cross section is suppressed by a factor
of [BR(τ± → µ±ντνµ)]2 ≈ 1/30 compared to the smuon
case. Furthermore, because of the production of the ad-
ditional neutrinos in the tau decays, the muons in the
final state will be softer than in the smuon case. In
combination, these effects make it rather challenging to
probe stau pair production in the (µ+µ−+ /E) final state,
even when employing more aggressive kinematic cuts (see
Fig. 13 and associated discussion in Appendix A). The
(e±µ∓ + /E) final state discussed in the subsequent sub-
section is a more promising alternative for probing staus.
B. (e±µ∓ + /E) Final State
The (e±µ∓+ /E) final state is in many respects similar
to the (µ+µ− + /E) final state discussed in the previous
subsection. However, some SM processes which give rise
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FIG. 4. Same as the right panel of Fig. 2 but for mostly left-handed P = (−0.8,−0.3) and mostly right-handed P = (0.8, 0.3)
polarization configurations of the electron/positron beams. We remind the reader that we express polarizations via P =[
PR(e
−), PR(e+)
]
, see Eq. (5) for the definition of PR. The colors for the respective background components and lines of
the benchmark signal distributions are the same as in the right panel of Fig. 2. Note that the relative normalization of the
signal distributions compared to that of the background is largely insensitive to the left-right mixing of the sleptons when
the electron/positron beams are unpolarized. The relative normalization of the signal to background varies the most for the
production of right-handed sleptons in polarized beam configurations, as shown here and discussed in the text.
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FIG. 5. Distribution of leading lepton momenta p(`1) in the (e
±µ∓ + /E) final state after kinematic cuts described in the text
and denoted in the figures. The left panel is for a center-of-mass energy of
√
s = 250 GeV and the right panel for
√
s = 500 GeV,
and both panels are for unpolarized beams P = (0.0, 0.0). In each panel, the stacked histogram shows the different background
components as indicated in the legend. Note that the (e+e− → eµ2ν) background category (green) excludes events which stem
from on-shell W+W− pair production, such events are shown separately (purple). The (γγ → eµ(2n)ν) background category
includes both (γγ → eµ2ν) and (γγ → eµ4ν) events. The solid lines show (e+e− → γ/Z → τ˜+τ˜− → e±µ∓χχνeνµντ ν¯τ ) signal
distributions for the various benchmark values of the stau mass mτ˜ and neutralino mass mχ indicated in the legend.
to backgrounds in the (µ+µ− + /E) final state are absent
for (e±µ∓+ /E), which affects our choice of kinematic cuts.
In particular, (e+e−/γγ → e±µ∓) processes are forbid-
den by flavor conservation; any final state at e+e− collid-
ers containing exactly one electron and one muon must
contain at least two neutrinos. Thus, there is no need
to use the cuts on /E and
∣∣cos θ(/E)∣∣ we employed in the
(µ+µ−+ /E) final state to reduce the (e+e−/γγ → µ+µ−)
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events which have no true (transverse) missing energy.
Furthermore, for the (µ+µ−+ /E) final state, we excluded
events where the invariant mass of the charged lepton sys-
tem satisfied m`` ' mZ to suppress backgrounds where
the charged lepton pair stems from the decay of an (on-
shell) Z-boson. Since (Z → e±µ∓) decays are forbidden,
the corresponding background is absent in the (e±µ∓+ /E)
final state and we do not use such a cut.
On the other hand, as already mentioned at the end
of Sec. III A, the charged leptons arising from stau pair
production are softer than in the smuon case because of
the additional neutrinos produced in the (τ± → `±ντν`)
decays. Furthermore, the momenta of the four neutri-
nos and two neutralinos in the final state will partially
cancel. Hence, signal events typically feature relatively
small /E, and we use an upper cut on /E. Because of
the massive neutralinos in the final state, signal events
on average feature smaller opening angles between the
charged leptons ∆φ(`+, `−) than the background events
for which the final state contains only massless neutri-
nos in addition to the charged leptons. Thus, we use an
upper cut on ∆φ(`+, `−). Finally, as discussed above for
the (µ+µ−+ /E) final state, signal events are produced via
s-channel processes while much of the background arises
from t-channel processes. Thus, we use an upper cut on
|cos θ(`1)| to select events.
In Fig. 5 we show the distributions of the leading lep-
ton momenta p(`1) of the backgrounds compared to the
signal distributions for benchmark values of the stau and
neutralino masses after these kinematic cuts. We simu-
late the same number of background events as for the
analogous background in the (µ+µ− + /E) final state,
cf. Tab. I. Note that the leading lepton `1 can either
be the electron or muon in the final state. In all sig-
nal and background processes, electrons and muons can
be interchanged (when interchanging the neutrino flavors
accordingly). Furthermore, muons and electrons have
masses much smaller than the center-of-mass energy of
the collisions considered here. Thus, treating the kine-
matic variables for the muon and electron in the final
state separately would not yield additional information.
Comparing Fig. 5 with Fig. 2, we can see the im-
pact of the differences of both the background and sig-
nal spectra discussed above between stau searches in
the (e±µ± + /E) final state and smuon searches in the
(µ+µ− + /E) final state. Since there is no analogous pro-
cess to (γγ → µ+µ−) in the (e±µ∓+ /E) final state, there
is much less background at small values of the leading lep-
ton momentum. This is advantageous for stau searches,
because for the reasons discussed above, the charged lep-
tons from staus are softer than those arising from smuon
pair production. The effect of changing the polariza-
tion of the electron/positron beams on the signal and
background spectra is analogous to the smuons in the
(µ+µ− + /E) final state (see the discussion in Sec. III A).
IV. PROJECTED SENSITIVITY
In order to project the sensitivity of future e+e− collid-
ers to slepton production, we simulate signal samples for
a grid in the masses of the slepton and the neutralino. We
perform such simulations for smuons in the (µ+µ− + /E)
final state and for staus in both the (µ+µ− + /E) and
(e±µ∓ + /E) final states. We use the background simu-
lations for the respective final states and kinematic cuts
discussed in Sec. III (see Tabs. II, III, and IV for sum-
maries of the cuts, or Figs. 2, 5, and 13).
In addition to these kinematic cuts, we optimize a win-
dow in the leading lepton momentum p(`1) for each mass
point. In order to evaluate the sensitivity, we compare
the number of signal events S in the signal window to
the uncertainty of the number of background events B
via the Signal to Noise Ratio (SNR),
SNR =
S√
B + ∆2B2
. (17)
The denominator is the quadratic sum of the statisti-
cal error (
√
B) and the systematic error (∆B), which
we parameterize via the relative systematic error ∆. We
consider a mass point the be within reach if the SNR
satisfies SNR > 3. In addition, we also demand the num-
ber of signal events to be S > 5. We assume a relative
systematic uncertainty of the backgrounds of ∆ = 5 %.
In Figs. 6-10 we present results in the (m˜`,mχ) plane
for center-of-mass energies
√
s = 500 GeV and
√
s =
250 GeV. We present results for different configurations
of the longitudinal beam polarizations, and use two fig-
ures of merit: 1) we fix the integrated luminosity to L =
1 ab−1 (L = 0.5 ab−1) for
√
s = 500 GeV (
√
s = 250 GeV)
and compute the minimal value of the signal cross sec-
tion σmin which could be probed at a future collider. 2)
We fix the signal cross section to the value expected in
our model presented in Sec. II, and compute the smallest
integrated luminosity Lmin required to probe a point of
given slepton and neutralino mass. Note that the signal
cross section in our model coincides with that of SUSY
models such as the MSSM as long as the sought-after
slepton and neutralino are the next-to-lightest and light-
est supersymmetric particle, respectively.
A.
√
s = 500 GeV
In Fig. 6 we show the sensitivity in terms of the small-
est cross section, σmin, which could be probed for smuons
in the (µ+µ− + /E) final state (left panel) and staus in
the (e±µ∓+ /E) final state (right panel) for mostly right-
handed polarization of the electron and positron beam,
P = (0.8, 0.3).
The sensitivity to smuons in the (µ+µ−+ /E) final state
is best for relatively compressed spectra when the ra-
tio of the neutralino and the smuon mass takes values
mχ/mµ˜ ∼ 0.9. For such mass spectra, the distribu-
tion of the kinematic variables we use to separate signal
12
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FIG. 6. The left [right] panel shows our projections for the smallest smuon [stau] signal cross section σmin which could be
probed at an
√
s = 500 GeV e+e− collider with L = 1 ab−1 of data and mostly right-handed beams P = (0.8, 0.3) in the
(µ+µ− + /E) [(e±µ∓ + /E)] final state. For reference, the solid black (dashed red) line indicates where σmin coincides with the
cross section in the model presented in Sec. II for left-handed (right-handed) smuons/staus. The region to the lower left of the
respective contours, i.e. almost all of the parameter space where m˜`< √s/2, is within the projected sensitivity. Note that in
both panels, the solid black and dashed red lines overlap for mχ → m˜`. For the smuon case (left panel), the dashed red line for
right-handed smuons coincides with mµ˜ → 250 GeV for mχ . 240 GeV and is not visible on the plot. We would like to remind
the reader that the signal cross section in our model matches that in SUSY models if the respective slepton and neutralino
are the next-to-lightest and lightest supersymmetric state, respectively. Note that the range of the color scale indicating the
value of σmin differs between the panels. The “island” in the right panel at mτ˜ ≈ 115 GeV, mχ ≈ 65 GeV is an artifact of the
statistical fluctuations in the Monte Carlo simulations of the signal (and to a lesser extent, the backgrounds).
from background, in particular the p(`1) distribution af-
ter kinematic cuts, is quite different from the background
and cross sections as small as σmin = O(0.1) fb could be
probed at a
√
s = 500 GeV collider with L = 1 ab−1 of
data. For more compressed spectra, i.e. mχ/mµ˜ & 0.9,
the charged leptons become too soft, making them more
difficult to differentiate from the background, in particu-
lar (γγ → µ+µ−), cf. Fig. 2. For less compressed spectra
on the other hand, i.e. mχ/mµ˜ . 0.9, the charged lep-
tons become harder, making the kinematic distributions
of the signal more similar to those of the backgrounds
from gauge boson pair production, in particular from
W+W−. Note that the sensitivity also improves as the
smuon mass approaches the kinematic edge for smuon
pair production, mµ˜ →
√
s/2. In this limit, the smuons
are produced at rest and thus the muon momenta ap-
proach a monoenergetic distribution
p(µ±) −−−−−−−→
mµ˜→
√
s/2
√
s
4
(
1− 4m
2
χ
s
)2
, (18)
which is rather easy to distinguish from the smooth p(`1)
distribution of the backgrounds.
For stau searches in the (e±µ∓+ /E) final state the be-
havior of σmin with the stau and neutralino masses is dif-
ferent from the smuon case in the (µ+µ−+ /E) final state
for two reasons: 1) this final state does not suffer from
large backgrounds for very soft leptons because there
is no background process analogous to (γγ → µ+µ−),
and 2) the charged leptons from the stau signal are not
promptly produced in the (µ˜± → µ±χ) decay but via an
additional decay step, τ˜± → (τ± → e±/µ± + 2ν) + χ.
The effect of the first difference is that this channel is
sensitive to very small cross sections σmin . O(0.1) fb
even for extremely compressed spectra where mχ → mτ˜ .
The sensitivity only starts deteriorating as the mass gap
becomes too small to produce on-shell taus, mτ˜ −mχ .
mτ = 1.8 GeV. On the other hand, due to the latter dif-
ference 2), the sensitivity to staus does not improve as the
stau mass approaches the kinematic edge, mτ˜ →
√
s/2.
Unlike in the smuon case, the charged leptons measured
in the detector are now produced from the tau decays
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FIG. 7. Smallest integrated luminosity Lmin which would allow to probe the pair production of right-handed smuons at an
e+e− collider with
√
s = 500 GeV. The left panel is for mostly left-handed polarization of the electron and positron beams,
P = (−0.8,−0.3), while the right panel is for mostly right-handed beam polarization P = (0.8, 0.3). Here, we assumed that
the smuon can only decay into a muon and a neutralino, BR(µ˜± → µ±χ) = 1, cf. the discussion in Sec. II. Note that the
value of the smuon pair production cross section is fixed by the gauge couplings of the smuons, hence, the production cross
section in our model discussed in Sec. II is the same as the cross section in SUSY models if the smuon and the neutralino are
the next-to-lightest and lightest supersymmetric particles, respectively. The dashed (solid) black line indicates Lmin = 10 fb−1
(Lmin = 1 ab−1).
and hence do not become monoenergetic in this limit.
In Fig. 6 we also indicate where the sensitivity σmin
is equal to the production cross sections of the respec-
tive final states in the simplified slepton model discussed
in Sec. II by the solid black and dashed red lines. We
stress that the cross section in our model coincides with
the corresponding cross section in SUSY models if the
slepton and the neutralino are the next-to-lightest and
lightest supersymmetric particle, respectively. In the
region to the left and below these lines, the produc-
tion cross section in our model is larger than the pro-
jected sensitivity and hence the corresponding combina-
tion of slepton and neutralino masses could be probed at
a
√
s = 500 GeV e+e− collider. As we can see from Fig. 6,
with L = 1 ab−1 of data, virtually the entire smuon pa-
rameter space where mµ˜ <
√
s/2 and mχ < mµ˜ could
be probed. Likewise, for staus we find that most of the
corresponding parameter space could be probed in the
(e±µ± + /E) final state, although the coverage is not as
good as in the smuon case for small values of mχ/mτ˜
and mτ˜ →
√
s/2. This is due to two reasons: the sig-
nal cross section for staus is suppressed with respect to
the smuon case because of the leptonic tau branching ra-
tios, 2 BR(τ± → µ±ντνµ) × BR(τ± → e±ντνe) ≈ 1/16,
and for the reasons discussed above, the sensitivity is not
enhanced for mτ˜ →
√
s/2.
For much of the parameter space, the production cross
section of the respective final states in our model is orders
of magnitude larger than the smallest cross section we
project to be within reach in Fig. 6. For example, as long
as we are far from the kinematic edge7 for smuon pair
production, m2µ˜  s/4, the (e+e− → µ˜+µ˜− → µ+µ−χχ)
production cross section takes values of order σ ∼ 100 fb
for
√
s = 500 GeV. It is thus interesting to ask how much
luminosity would be required to probe most of the slepton
parameter space at a future e+e− collider.
In Fig. 7 we show the smallest integrated luminosity
Lmin which would probe the pair production of right-
handed smuons at an e+e− collider with
√
s = 500 GeV
for two different configurations of the beam polariza-
tions, P = (−0.8,−0.3) and P = (0.8, 0.3), where the
former is mostly left-handed and the latter is mostly
7 As m2µ˜ → s/4 the cross section rapidly falls due to the σ ∝(
1− 4m2˜`/s
)3/2
scaling, cf. Eq. (6).
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FIG. 8. Same as Fig. 7 but for right-handed staus in the (e±µ∓+ /E) final state. The “islands” at mτ˜ ≈ 115 GeV, mχ ≈ 65 GeV
are an artifact of the statistical fluctuations in the Monte Carlo simulations of the signal (and to a lesser extent, the backgrounds).
right-handed. We cut the color scale off at integrated
luminosities Lmin = 10−3 ab−1. Future e+e− colliders
are envisaged to operate with instantaneous luminosities
L & O(100) fb−1 yr−1 [2, 3, 5, 6, 63]. Thus, proposed
e+e− colliders would collect L = 10−3 ab−1 = 1 fb−1 of
data within a few days of operations. Looking at Fig. 7,
we see that a few days of running a future e+e− collider at√
s = 500 GeV would suffice to detect or exclude smuons
for most of the accessible parameter space mµ˜ <
√
s/2,
even for very compressed spectra where mχ → mµ˜.
Comparing the two panels of Fig. 7 exemplifies the
effect of the longitudinal polarization of the electron
and positron beams on the sensitivity. The mostly
right-handed polarization configuration of the beams
P = (0.8, 0.3) allows coverage of a much larger por-
tion of the parameter space for right-handed smuons
than the mostly left-handed polarization configuration
P = (−0.8,−0.3). While some sensitivity can be recov-
ered by increasing the integrated luminosity, we see that
using an advantageous polarization configuration for a
given signal can reduce the luminosity required to cover
a particular benchmark point by orders of magnitude.
Translated into running time, this means that for the
case of right-handed smuon pair production, running for
a few days with P = (0.8, 0.3) yields better coverage of
the parameter space than running for a few years with
P = (−0.8,−0.3).
The behavior displayed by the two different panels in
Fig. 7 is a rather extreme example of the effects of beam
polarization. As discussed in Sec. III A, the sensitivity to
left-handed smuons is much less dependent on the beam
polarization because in that case the signal cross section
and those of the most relevant backgrounds scale simi-
larly with the beam polarization. The sensitivity to left-
handed smuons or smuons with non-vanishing left-right
mixing angle would lie in between the two cases shown
in Fig. 7.
In Fig. 8 we show the smallest integrated luminosity
Lmin required to probe right-handed staus at a
√
s =
500 GeV e+e− collider in the (e±µ∓ + /E) final state. As
for smuons in Fig. 7, we assume that the signal cross
section is given by the model described in Sec. II. Re-
call that the stau pair production cross section is fixed
by gauge couplings, and in our model the only allowed
decay channel is BR(τ˜± → τ±χ) = 1. For given val-
ues of the slepton mass m˜`, the signal cross section into
the (e±µ∓ + /E) final state for staus is thus the same
as for smuons into (µ+µ− + /E), except for the sup-
pression by the leptonic branching ratios of the taus,
2 BR(τ± → µ±νµντ ) × BR(τ± → e±νeντ ) ≈ 1/16.
While the backgrounds in the (e±µ∓+ /E) final state are
also smaller than those in the (µ+µ− + /E) final state,
cf. Sec. III B, the reduction of the signal cross section as
well as the change in kinematic distributions still makes
staus somewhat more challenging to probe than smuons.
Nonetheless, Fig. 8 demonstrates that much of the kine-
matically accessible stau parameter space could be cov-
ered at a future e+e− collider with relatively low lumi-
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FIG. 9. Projected sensitivity to stau pair production in the (µ+µ−+ /E) final state at an
√
s = 500 GeV e+e− collider assuming
longitudinal polarization of the electron/positron beams P = (0.8, 0.3). Left: Smallest cross section σmin which could be probed
with L = 1 ab−1 of data. Right: Smallest integrated luminosity Lmin required to probe right-handed staus if the signal cross
section is given by those in our model described in Sec. II. The “islands” at mτ˜ ≈ 150 GeV, mχ ≈ 120 GeV are an artefact of
the statistical fluctuations in the Monte Carlo simulations of the signal (and to a lesser extent, the backgrounds).
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FIG. 10. Same as Fig. 6 but for
√
s = 250 GeV and L = 0.5 ab−1.
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nosity. As discussed above for the smuon case, the two
panels of Fig. 8 bracket rather extreme cases, different
choices for the beam polarizations or for the left-right
mixing angle (including purely left-handed staus) lie in
between these cases.
Finally, in Fig. 9, we show projections for the smallest
cross section σmin for fixed L = 1 ab−1 and the minimal
luminosity Lmin when fixing the cross section to that in
our model for probing staus in the (µ+µ−+ /E) final state.
We use similar, although more aggressive, kinematic cuts
as for smuons in the (µ+µ−+ /E) final state (see Tab. III
and Fig. 13). As for smuons in the (µ+µ− + /E) final
state and staus in (e±µ∓ + /E) discussed above, we op-
timize a signal window in the leading lepton momentum
p(`1) in addition to these kinematic cuts to determine
the sensitivity. Compared to the (e±µ∓ + /E) final state
for which we showed results in the right panel of Fig. 6
and in Fig. 8, we find that the (µ+µ− + /E) final state
is less sensitive to staus regardless of the stau and neu-
tralino masses. As discussed in Sec. III, while the signal
distributions are practically unchanged between the two
final states (before kinematic cuts), the (e±µ∓+ /E) final
state suffers from less SM background.
B.
√
s = 250 GeV
In Fig. 10, we show sensitivity projections to smuons
in the (µ+µ− + /E) final state and staus in the (e±µ∓ +
/E) final state for a
√
s = 250 GeV e+e− collider with
L = 0.5 ab−1 of data. We use the same set of kinematic
cuts as for the corresponding
√
s = 500 GeV projections,
although with different numerical values for the cuts, as
discussed in Appendices A and B.
The scaling of the smallest signal cross section which
could be probed, σmin, with the masses of the slepton
and neutralino is analogous to what we discussed above
for the
√
s = 500 GeV case. For smuons, the sensitivity is
best (in terms of σmin) for mχ/mµ˜ ∼ 0.9, and close to the
kinematic edge for smuon pair production, mµ˜ →
√
s/2.
For staus, the sensitivity again does not deteriorate as
much in the very compressed regime mχ → mτ˜ as for
the smuon case, but σmin also does not improve when
approaching the kinematic edge mτ˜ →
√
s/2.
Compared to the signal production cross sections of
the respective final states in our simplified model from
Sec. II, indicated by the solid black and dashed red lines
in Fig. 10, we again find that almost all of the kinemat-
ically accessible parameter space with m˜` < √s/2 and
mχ < m˜`+ m` would be probed by a future e+e− col-
lider. For most of the parameter space, the cross sections
in our simplified model are again much larger than the
values of σmin shown in Fig. 10. Hence, most of the kine-
matically accessible parameter space would be covered
with integrated luminosities L  1 ab−1, i.e. with data
from a few days of running a future e+e− collider.
While we find excellent sensitivity to smuons and staus
even for
√
s = 250 GeV, the parameter space coverage is
hamstrung by the center-of-mass energy, leaving viable
models with m˜`& 125 GeV unreachable.
V. DISCUSSION AND CONCLUSIONS
Scalar partners of the SM charged leptons are inter-
esting examples of new physics which could be realized
close to the electroweak scale while evading detection to
date. In this paper, we have explored the extent to which
future e+e− colliders such as ILC, CLIC, CEPC, or the
FCC-ee could probe extensions of the SM by said scalar
lepton partners and a new neutral fermion. In analogy
to SUSY models, we refer to these states as sleptons (˜`)
and neutralinos (χ), respectively. While SUSY models
are well motivated realizations of models with such new
states, our results directly apply to non-SUSY models,
as discussed in Sec. II.
In this work, we have focused on scalar partners of
the SM’s muons and taus, which we refer to as smuons
and staus, respectively. They could be pair produced
at colliders, and subsequently each slepton would decay
into the associated SM lepton and a neutralino. Since
the neutralino would leave the detector without deposit-
ing energy, the collider signature for smuons is a pair
of muons of opposite charge accompanied with miss-
ing energy, (µ+µ− + /E). For staus, a number of final
states is possible depending on the decay mode of the
taus produced in the stau decays. Here, we focused on
leptonic tau decays. Considering SM backgrounds, the
most promising final state from stau pair production is
(e±µ∓ + /E).
In order for a pair of on-shell sleptons to be produced at
an e+e− collider, the slepton’s mass, m˜`, must be smaller
than half the center-of-mass energy of the collider,
√
s.
Furthermore, for the slepton to be kinematically allowed
to decay into a neutralino χ and a charged SM lepton `
of the same flavor as the slepton, the respective masses
must satisfy m˜`> mχ +m`. In this work we have shown
that future e+e− colliders could detect or rule out smuons
or staus for most of the kinematically accessible param-
eter space (where m˜` < √s/2) with only a few days of
data. This holds regardless of the mass gap m˜`− mχ.
This situation should be contrasted with the sensitivity
of hadron colliders. With the data expected to be col-
lected in future runs, the LHC could probe sleptons up
to masses of m˜` . 500 GeV, but only for sizable mass
gaps (m˜`−mχ) & 60 GeV. Intermediate mass gaps are
extremely challenging to probe at the LHC, while sensi-
tivity can be regained for relatively (but not too) small
mass gaps m˜`−mχ ∼ 10 GeV for slepton masses up to
m˜`. 200 GeV.
In this study, we computed the sensitivity for a fu-
ture e+e− collider operating at
√
s = 250 GeV and
√
s =
500 GeV. Our results suggest that a machine with signif-
icantly larger center-of-mass energy, e.g. CLIC, should
likewise be able to probe sleptons up to m˜`. √s/2 with
a few fb−1 of data.
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One particular motivation for BSM models contain-
ing scalar lepton partners and stable neutral fermions
is that models of this type can explain the dark mat-
ter in the Universe. For example, dark matter scenarios
where either a smuon [40] or a stau [37–39] is the next-to-
lightest and a neutral fermion is the lightest new particle
are well-motivated and can lead to distinctive signatures
in direct and indirect dark matter searches. A future
e+e− collider with
√
s = 500 GeV could detect or rule
out most of the feasible parameter space of the incredi-
ble bulk, which requires m˜`. 150 GeV, with only a few
fb−1 of data. While a dedicated study would be required
to fully investigate the coverage of co-annihilation scenar-
ios at higher-energy colliders, our results indicate that an
e+e− collider with a center of mass energy
√
s ' 3 TeV,
such as CLIC, will likely be able to fully probe stau co-
annihilation scenarios in the MSSM.
We hope that this paper sheds light on the potential
for discovery of new physics with a future e+e− collider.
Electroweak precision physics, including measuring the
properties of the observed Higgs boson to high precision,
is a guaranteed and critical physics case for such a col-
lider. Here, we have presented a broad class of models
for which a future lepton collider would be capable of
directly (and immediately) discovering new physics that
would evade detection at the LHC.
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Appendix A: Kinematic cuts: (µ+µ− + /E)
In this Appendix we present a more detailed discus-
sion of the kinematic cuts used for event selection in the
(µ+µ− + /E) final state. There are a number of SM pro-
cesses which give rise to backgrounds in this final state.
We simulate exclusive samples of the final states:
• (e+e− → µ+µ−), N = 107;
• (e+e− → µ+µ− + 2ν) N = 107;
• (e+e− → µ+µ− + 4ν), N = 5× 106;
• (γγ → µ+µ−), N = 109;
• (γγ → µ+µ− + 2ν) N = 107;
• (γγ → µ+µ− + 4ν), N = 107;
where ν denotes a neutrino or antineutrino of any fla-
vor. The number of events N we simulate for the re-
spective final state is chosen to yield sufficiently well-
sampled kinematic distributions of the backgrounds after
kinematic cuts. In particular, the number of events we
simulate for (γγ → µ+µ−) processes is much larger than
for the other background categories because, as we will
see, (γγ → µ+µ−) events surviving the kinematic cuts
stem from the kinematic tails of the distribution. Hence,
we need to oversample this background before kinematic
cuts.
Because of the similarities of the kinematic distribu-
tions to signal events, we show (e+e− → W+W− →
µ+µ−+2ν) events with an on-shell pair ofW+W− bosons
separately from the other (e+e− → µ+µ− + 2ν) back-
grounds when plotting background distributions. Such
events are identified post simulation from the (e+e− →
µ+µ−+2ν) background samples using the simulation out-
put at the truth level, i.e. before the detector simulation.
In addition to the background processes, we simulate
signal samples for a grid of combinations of the slepton
and neutralino masses, both for smuon pair production,
(e+e− → µ˜+µ˜− → µ+µ−χχ) and for stau pair pro-
duction, [e+e− → τ˜+τ˜− → (τ+ → µ+νµν¯τ ) + (τ− →
µ−ν¯µντ ) + χχ]. When showing kinematic distributions
of the signal compared to the background, we select a set
of benchmark values for the slepton and neutralino mass,
while the sensitivity projections presented in Sec. IV
make use of the full grid of mass combinations.
We use a set of kinematic observables for our event
selection:
• the momentum of the leading (charged) lepton,
p(`1),
• the (cosine of the) polar angle of the leading lepton
with respect to the beam axis, cos θ(`1),
• the invariant mass of the charged lepton system,
m``,
• the opening angle between the charged leptons in
the plane transverse to the beam axis, ∆φ(`+, `−),
• the missing energy, /E,
• the (cosine of the) polar angle of /E with respect to
the beam axis, cos θ(/E).
In the following, we describe the kinematic cuts used
for event selection for smuon searches at
√
s = 500 GeV.
The kinematic cuts we use for
√
s = 250 GeV differ only
in the numeric values chosen for the kinematic cuts, cf.
Tab. II. We will briefly comment on our selection of kine-
matic cuts for stau searches in the (µ+µ−+ /E) final state
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FIG. 11. Distribution of the missing energy /E (left) and its polar angle cos θ(/E) (right) in the (µ+µ−+ /E) final state before any
kinematic cuts. The stacked histogram shows the different background components as listed in the legend. The solid lines show
(e+e− → γ/Z → µ˜+µ˜− → µ+µ−χχ) signal distributions for various benchmark values of the smuon mass mµ˜ and neutralino
mass mχ indicated in the legend.
−1.00 −0.75 −0.50 −0.25 0.00 0.25 0.50 0.75 1.00
cos θ(`1)
101
102
103
104
105
E
ve
nt
s/
0.
05
/a
b
/E > 5.0 GeV∣∣cos θ( /E)∣∣ < 0.9
∆φ(`+, `−) < 0.8 pi
(e+e−→ µ˜+µ˜−→ µ+µ− + /E); √s = 500 GeV; P = (0.0,0.0)
0 100 200 300 400 500
m`` [GeV]
101
102
103
104
105
E
ve
nt
s/
5
G
eV
/a
b
/E > 5.0 GeV∣∣cos θ( /E)∣∣ < 0.9
∆φ(`+, `−) < 0.8 pi
(e+e−→ µ˜+µ˜−→ µ+µ− + /E); √s = 500 GeV; P = (0.0,0.0)
FIG. 12. Distributions of the polar angle of the leading charged lepton cos θ(`1) (left) and the invariant mass of the charged
leptons m`` (right) in the (µ
+µ− + /E) final state after the first set of kinematic cuts described in the text. We use the same
colors for the respective background components and signal benchmarks as in Fig. 11.
at the end of this section; the numerical values of the cor-
responding kinematic cuts are listed in Tab. III.
In Fig. 11 we show the distribution of /E and cos θ(/E)
for the backgrounds together with those for various
benchmark signal distributions before kinematic cuts.
The background distributions are dominated by (e+e− →
µ+µ−) and (γγ → µ+µ−) events because of the large
corresponding production cross sections. While the sig-
nal events as well as background events with neutrinos in
the final state do feature true missing transverse energy,
this is not the case for (e+e−/γγ → µ+µ−) backgrounds.
For (e+e− → µ+µ−) events, /E > 0 arises only from
mis-measurements of the muon momenta in the detec-
tor. (γγ → µ+µ−) events on the other hand do feature
true /E, because the center-of-mass frame of the photons
in the initial state does not coincide with the detector
frame, but is boosted along the beam axis. However,
such events do not feature true missing transverse en-
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ergy. Thus, we require events to satisfy /E > 5 GeV,∣∣cos θ(/E)∣∣ < 0.9, and ∆φ(`+, `−) < 0.8pi. Effectively,
these kinematic cuts amount to requiring events to fea-
ture non-vanishing missing transverse energy.
In Fig. 12 we show the cos θ(`1) and m`` distribu-
tions after this first series of kinematic cuts. Compar-
ing to Fig. 11, we see that the (e+e−/γγ → µ+µ−)
backgrounds are much reduced, and the largest remain-
ing backgrounds are (e+e− → µ+µ− + 2ν) [including
(e+e− →W+W− → µ+µ− + 2ν)] events.
We use a second set of kinematic cuts to further reduce
the number of background events: From the cos θ(`1)
distributions we can note that the backgrounds distri-
butions peak at |cos θ(`1)| → 1, while the signal distri-
butions are largest at cos θ(`1) → 0. This behavior is
due to the different physical processes giving rise to the
respective distributions: Many of the background pro-
cesses proceed via t-channel exchange of particles. Most
importantly, one of the largest production channels for
W+W− pairs at e+e− colliders is the t-channel exchange
of a neutrino. Likewise, one of the largest contribution to
(γγ → µ+µ−) production stems from t-channel exchange
of a muon. Signal events on the other hand are produced
via s-channel exchange of a photon or Z-boson, cf. Fig. 1.
The signal-to-background ratio is thus enhanced by se-
lecting events with |cos θ(`1)| < 0.8, preferring s-channel
over t-channel processes.
In order to reduce backgrounds stemming from
[e+e−/γγ → (Z → µ+µ−) + (Z → νν¯)] events, we ex-
clude events where the invariant mass of the charged lep-
ton system is approximately given by the mass of the
Z-boson, mZ .
Finally, signal events contain a pair of massive neutrali-
nos in the final state. Thus, some of the center-of-mass
energy of the collision has to go to the production of these
neutralinos, limiting the possible momenta of the charged
leptons. Background events on the other hand contain
only particles with masses negligible compared to
√
s in
the final state. We select events with m`` < 300 GeV to
further enhance the ratio of signal to background events.
In Fig. 2 we show the p(`1) distributions after these
kinematic cuts. When computing the sensitivity in
Sec. IV, we optimize a signal window in p(`1) in addi-
tion to the kinematic cuts discussed above. From Fig. 2
we can already see that the benchmark points shown are
straightforward to probe at a future collider with a few
fb−1 of data, except close to the kinematic threshold for
slepton pair production, m˜`→ √s/2, where the slepton
pair production cross section falls quickly because of the
kinematic suppression, σ ∝
(
1− 4m2˜`/s
)3/2
.
In principle, staus can also be probed in the (µ+µ−+ /E)
final state via [e+e− → τ˜+τ˜− → (τ+ → µ+νµν¯τ )+(τ− →
µ−ν¯µντ ) + χχ] processes. Compared to the smuon case,
probing staus is complicated in two ways: The branch-
ing ratio for leptonic tau decays is BR(τ± → µ±νµντ ) ≈
18 %, suppressing the signal cross section, and the ad-
ditional neutrinos produced in the tau decays lead to
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FIG. 13. Distribution of leading lepton momentum p(`1) for
stau searches in the (µ+µ− + /E) final state after kinematic
cuts.
softer muons in the final state than those from (e+e− →
µ˜+µ˜− → µ+µ−χχ). In order to be sensitive to staus in
the (µ+µ−+ /E) final state, one can attempt to reduce the
background further by using more aggressive kinematic
cuts than for smuon searches. Since the charged leptons
are softer than for smuons, it is particularly useful to em-
ploy a more aggressive upper cut on the invariant mass
of the leptons system.
In Fig. 13 we show the p(`1) distributions for bench-
mark values of the stau and neutralino masses together
with the background distributions after the set of kine-
matic cuts listed in Tab. III. As we can see, while not
impossible, despite the more aggressive kinematic cuts
it is much more challenging to search for staus in the
(µ+µ− + /E) final state than for smuons. We show the
corresponding sensitivity in the plane of the stau and
neutralino masses in Fig. 9. Fortunately, another final
state, (e±µ∓+ /E), is available for stau searches at lepton
colliders. We discuss the event selection for stau searches
in this final state in Appendix B. While the signal cross
section as well as kinematic distributions of signal events
is virtually the same for staus in the (e±µ∓ + /E) and
the (µ+µ−+ /E) final states, backgrounds are much lower
because fewer SM processes give rise to (e±µ∓+ /E) final
states than to (µ+µ− + /E) final states.
Appendix B: Kinematic cuts: (e±µ∓ + /E)
In this Appendix we present a more detailed discus-
sion of the kinematic cuts used for event selection in the
(e±µ∓+ /E) final state. In order to account for SM back-
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FIG. 14. Distribution of the missing energy /E (left) and the opening angle between the charged leptons in the plane transverse
to the beam, ∆φ(`+, `−) (right) in the (e±µ∓ + /E) final state before any kinematic cuts. The stacked histogram shows the
different background components as listed in the legend. The solid lines show (e+e− → γ/Z → τ˜+τ˜− → e±µ∓χχ) signal
distributions for various benchmark values of the stau mass mτ˜ and neutralino mass mχ indicated in the legend.
grounds, we simulate exclusive samples of the final states:
• (e+e− → e±µ∓ + 2ν), N = 107;
• (e+e− → e±µ∓ + 4ν), N = 5× 106;
• (γγ → e±µ∓ + 2ν), N = 107;
• (γγ → e±µ∓ + 4ν), N = 107;
where ν denotes a neutrino or antineutrino of any fla-
vor, and N denotes the number of events we simulate
for the respective final state. Compared to our back-
ground simulations in the (µ+µ− + /E) final state, we do
not need to simulate background processes without neu-
trinos in the final state since flavor conservation forbids
(e+e−/γγ → e±µ∓) production.
As for the (µ+µ− + /E) final state, we will show
(e+e− → W+W− → e±µ∓ + 2ν) events with an on-
shell pair of W+W− boson separately from the other
(e+e− → e±µ∓ + 2ν) backgrounds when plotting signal
and background distributions. Such events are identi-
fied post-simulation from the (e+e− → e±µ∓+2ν) back-
ground sample using the simulation output at the truth
level.
As for the (µ+µ− + /E) final state, we simulate signal
samples from stau pair production [e+e− → τ˜+τ˜− →
(τ± → e±νeντ ) + (τ∓ → µ∓νµντ ) + χχ]) for a grid of
combinations of the stau and neutralino masses. When
showing kinematic distributions of the signal compared
to the background, we select a set of benchmark values
for the stau and neutralino mass, while the sensitivity
projections presented in Sec. IV make use of the full grid
of mass combinations.
We use the same kinematic observables for our event
selection as in the (µ+µ− + /E) final state. Note that we
do not differentiate between kinematic variables of the
electron and the muon in the final state beyond requiring
events to feature exactly one reconstructed electron and
one reconstructed muon of opposite charge.
In the following, we describe the kinematic cuts used
for event selection for stau searches at
√
s = 500 GeV.
The kinematic cuts we use for
√
s = 250 GeV differ only
in the numeric values chosen for the kinematic cuts, cf.
Tab. IV.
In Fig. 14 we show the /E and ∆φ(`+, `−) distribu-
tions for the backgrounds together with those for vari-
ous benchmark signal distributions before kinematic cuts.
Compared to the distributions for the (µ+µ− + /E) final
state, cf. Fig. 11, we can note that due to the absence of
the analogue of (e+e−/γγ → µ+µ−) backgrounds, there
is no need to use a lower cut on /E or an upper cut on
| cos θ(/E)|. Because all SM events with exactly one elec-
tron and muon of (opposite charge) at e+e− colliders
feature at least two neutrinos in the final state, all back-
ground events have true missing transverse energy.
From the /E distributions shown in the left panel of
Fig. 14, we see that the signal distributions are peaked
at relatively small values of /E while the backgrounds re-
main large for /E → √s/2. There are two reasons for
the smaller /E of the signal: First, the massive neutrali-
nos in the final state absorb some of the center-of-mass
energy, which thus cannot be distributed into the mo-
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menta of the states. Second, the signal process contains
six states [four (massless) neutrinos and two (massive)
neutralinos] in the final state which leave the detector
without depositing energy. Since the momenta of these
six states will partially cancel, the resulting /E is smaller
than for the backgrounds, where the dominant compo-
nent features only two neutrinos in the final state. Thus,
we use an upper cut /E < 50 GeV to suppress background
events.
In the right panel of Fig. 14 we show the ∆φ(`+, `−)
distribution. The backgrounds feature on average larger
opening angles between the charged leptons than the sig-
nal for the same reasons as why the signal spectra fea-
ture rather small /E. When producing only massless neu-
trinos in addition to the charged leptons, the charged
leptons are produced approximately back-to-back if the
neutrinos are soft. Thus, we select events satisfying
∆φ(`+, `−) < 0.8pi.
Finally, as discussed for smuon searches in the (µ+µ−+
/E) final state, much of the background stems from t-
channel processes while stau pairs are produced via s-
channel exchange of a photon or Z-boson. Hence, we
select events with |cos θ(`1)| < 0.6.
We show the p(`1) distributions after these kinematic
cuts in Fig. 5. Similar to the smuon case in the
(µ+µ− + /E) final state, we can immediately deduce that
the benchmark points shown are straightforward to probe
at future colliders, except close to the kinematic thresh-
old for stau pair production, mτ˜ →
√
s/2. Different from
the smuon case, most of the constraining power will now
come from events with very soft leptons. This is be-
cause, as discussed above, stau pair production gives rise
to quite soft charged leptons, and SM backgrounds in the
(e±µ∓ + /E) final state are relatively low at small lepton
momenta.
[1] T. Behnke, J. E. Brau, B. Foster, J. Fuster, M. Harrison,
J. M. Paterson, M. Peskin, M. Stanitzki, N. Walker, and
H. Yamamoto, (2013), arXiv:1306.6327 [physics.acc-ph].
[2] H. Aihara et al. (ILC), (2019), arXiv:1901.09829 [hep-
ex].
[3] T. K. Charles et al. (CLICdp, CLIC), CERN Yellow Rep.
Monogr. 1802, 1 (2018), arXiv:1812.06018 [physics.acc-
ph].
[4] The CEPC Study Group, (2018), arXiv:1809.00285
[physics.acc-ph].
[5] M. Dong et al. (CEPC Study Group), (2018),
arXiv:1811.10545 [hep-ex].
[6] A. Abada et al. (FCC), Eur. Phys. J. ST 228, 261 (2019).
[7] K. Fujii et al., (2015), arXiv:1506.05992 [hep-ex].
[8] D. d’Enterria, in Proceedings, 17th Lomonosov Con-
ference on Elementary Particle Physics: Moscow,
Russia, August 20-26, 2015 (2017) pp. 182–191,
arXiv:1602.05043 [hep-ex].
[9] J. de Blas et al., (2018), 10.23731/CYRM-2018-003,
arXiv:1812.02093 [hep-ph].
[10] H. Baer, M. Berggren, K. Fujii, J. List, S.-L. Lehtinen,
T. Tanabe, and J. Yan, Phys. Rev. D 101, 095026 (2020),
arXiv:1912.06643 [hep-ex].
[11] M. Habermehl, M. Berggren, and J. List, Phys. Rev. D
101, 075053 (2020), arXiv:2001.03011 [hep-ex].
[12] G. R. Farrar and P. Fayet, Phys. Lett. B 89, 191 (1980).
[13] T. Tsukamoto, K. Fujii, H. Murayama, M. Yamaguchi,
and Y. Okada, Phys. Rev. D 51, 3153 (1995).
[14] M. M. Nojiri, Phys. Rev. D 51, 6281 (1995), arXiv:hep-
ph/9412374.
[15] J. L. Feng and M. E. Peskin, Phys. Rev. D64, 115002
(2001), arXiv:hep-ph/0105100 [hep-ph].
[16] A. Freitas et al., Linear colliders. Proceedings, Inter-
national Workshop on physics and experiments with
future electron-positron linear colliders, LCWS 2002,
Seogwipo, Jeju Island, Korea, August 26-30, 2002,
(2002), 10.1016/S0920-5632(03)90679-7, [Nucl. Phys.
Proc. Suppl.117,807(2003)], arXiv:hep-ph/0211108 [hep-
ph].
[17] E. Boos, H. Martyn, G. A. Moortgat-Pick, M. Sachwitz,
A. Sherstnev, and P. Zerwas, Eur. Phys. J. C 30, 395
(2003), arXiv:hep-ph/0303110.
[18] A. Freitas, A. von Manteuffel, and P. M. Zerwas, Eur.
Phys. J. C34, 487 (2004), arXiv:hep-ph/0310182 [hep-
ph].
[19] H.-U. Martyn, in Linear colliders. Proceedings, Interna-
tional Conference, LCWS 2004, Paris, France, April 19-
23, 2004 (2004) arXiv:hep-ph/0408226 [hep-ph].
[20] M. Battaglia, A. Datta, A. De Roeck, K. Kong, and
K. T. Matchev, JHEP 07, 033 (2005), arXiv:hep-
ph/0502041 [hep-ph].
[21] M. R. Buckley, H. Murayama, W. Klemm, and
V. Rentala, Phys. Rev. D78, 014028 (2008),
arXiv:0711.0364 [hep-ph].
[22] J. R. Ellis, K. A. Olive, and P. Sandick, JHEP 08, 013
(2008), arXiv:0801.1651 [hep-ph].
[23] P. Bechtle, M. Berggren, J. List, P. Schade, and O. Stem-
pel, Phys. Rev. D 82, 055016 (2010), arXiv:0908.0876
[hep-ex].
[24] M. Berggren, in Proceedings, 2013 Community Summer
Study on the Future of U.S. Particle Physics: Snowmass
on the Mississippi (CSS2013): Minneapolis, MN, USA,
July 29-August 6, 2013 (2013) arXiv:1308.1461 [hep-ph].
[25] M. Endo, K. Hamaguchi, T. Kitahara, and T. Yoshinaga,
JHEP 11, 013 (2013), arXiv:1309.3065 [hep-ph].
[26] V. Khachatryan et al. (CMS), Phys. Rev. D94, 112004
(2016), arXiv:1609.08382 [hep-ex].
[27] M. Aaboud et al. (ATLAS), Phys. Rev. D99, 092007
(2019), arXiv:1902.01636 [hep-ex].
[28] M. Pospelov, Phys. Rev. Lett. 98, 231301 (2007),
arXiv:hep-ph/0605215 [hep-ph].
[29] M. Pospelov, J. Pradler, and F. D. Steffen, JCAP 0811,
020 (2008), arXiv:0807.4287 [hep-ph].
[30] S. Burdin, M. Fairbairn, P. Mermod, D. Milstead, J. Pin-
fold, T. Sloan, and W. Taylor, Phys. Rept. 582, 1 (2015),
arXiv:1410.1374 [hep-ph].
[31] H. P. Nilles, Phys. Rept. 110, 1 (1984).
[32] S. P. Martin, Adv. Ser. Direct. High Energy Phys. 18, 1
(1998), arXiv:hep-ph/9709356 [hep-ph].
[33] D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King,
22
J. D. Lykken, and L.-T. Wang, Phys. Rept. 407, 1
(2005), arXiv:hep-ph/0312378 [hep-ph].
[34] P. Fayet, Phys. Lett. B 69, 489 (1977).
[35] G. R. Farrar and P. Fayet, Phys. Lett. B 76, 575 (1978).
[36] J. R. Ellis, T. Falk, and K. A. Olive, Phys. Lett. B444,
367 (1998), arXiv:hep-ph/9810360 [hep-ph].
[37] J. R. Ellis, T. Falk, K. A. Olive, and M. Srednicki,
Astropart. Phys. 13, 181 (2000), [Erratum: Astropart.
Phys.15,413(2001)], arXiv:hep-ph/9905481 [hep-ph].
[38] M. R. Buckley, D. Hooper, and J. Kumar, Phys. Rev.
D88, 063532 (2013), arXiv:1307.3561 [hep-ph].
[39] A. Pierce, N. R. Shah, and K. Freese, (2013),
arXiv:1309.7351 [hep-ph].
[40] K. Fukushima, C. Kelso, J. Kumar, P. Sandick,
and T. Yamamoto, Phys. Rev. D90, 095007 (2014),
arXiv:1406.4903 [hep-ph].
[41] M. J. Baker and A. Thamm, JHEP 10, 187 (2018),
arXiv:1806.07896 [hep-ph].
[42] G. H. Duan, C. Han, B. Peng, L. Wu, and J. M. Yang,
Phys. Lett. B 788, 475 (2019), arXiv:1809.10061 [hep-
ph].
[43] G. Aad et al. (ATLAS), JHEP 05, 071 (2014),
arXiv:1403.5294 [hep-ex].
[44] B. Dutta, T. Ghosh, A. Gurrola, W. Johns, T. Kamon,
P. Sheldon, K. Sinha, K. Wang, and S. Wu, Phys. Rev.
D91, 055025 (2015), arXiv:1411.6043 [hep-ph].
[45] Z. Han and Y. Liu, Phys. Rev. D92, 015010 (2015),
arXiv:1412.0618 [hep-ph].
[46] M. Aaboud et al. (ATLAS), Phys. Rev. D97, 052010
(2018), arXiv:1712.08119 [hep-ex].
[47] M. Aaboud et al. (ATLAS), Eur. Phys. J. C78, 995
(2018), arXiv:1803.02762 [hep-ex].
[48] A. M. Sirunyan et al. (CMS), Phys. Lett. B790, 140
(2019), arXiv:1806.05264 [hep-ex].
[49] B. Dutta, K. Fantahun, A. Fernando, T. Ghosh, J. Ku-
mar, P. Sandick, P. Stengel, and J. W. Walker, Phys.
Rev. D96, 075037 (2017), arXiv:1706.05339 [hep-ph].
[50] B. Fuks, K. Nordstro¨m, R. Ruiz, and S. L. Williamson,
Phys. Rev. D100, 074010 (2019), arXiv:1901.09937 [hep-
ph].
[51] M. M. Nojiri, K. Fujii, and T. Tsukamoto, Phys. Rev.
D 54, 6756 (1996), arXiv:hep-ph/9606370.
[52] H. Baer, M. Berggren, J. List, M. M. Nojiri, M. Perel-
stein, A. Pierce, W. Porod, and T. Tanabe, in Commu-
nity Summer Study 2013: Snowmass on the Mississippi
(2013) arXiv:1307.5248 [hep-ph].
[53] M. Berggren, A. Cakir, D. Kru¨cker, J. List, I. A.
Melzer-Pellmann, B. Safarzadeh Samani, C. Seitz,
and S. Wayand, Eur. Phys. J. C76, 183 (2016),
arXiv:1508.04383 [hep-ph].
[54] M. Citron, J. Ellis, F. Luo, J. Marrouche, K. Olive,
and K. de Vries, Phys. Rev. D 87, 036012 (2013),
arXiv:1212.2886 [hep-ph].
[55] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and
M. Zaro, JHEP 07, 079 (2014), arXiv:1405.0301 [hep-
ph].
[56] T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05,
026 (2006), arXiv:hep-ph/0603175 [hep-ph].
[57] T. Sjstrand, S. Ask, J. R. Christiansen, R. Corke, N. De-
sai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, Comput. Phys. Commun. 191, 159 (2015),
arXiv:1410.3012 [hep-ph].
[58] J. de Favereau, C. Delaere, P. Demin, A. Giammanco,
V. Lematre, A. Mertens, and M. Selvaggi (DELPHES
3), JHEP 02, 057 (2014), arXiv:1307.6346 [hep-ex].
[59] C. T. Potter, in Proceedings, International Workshop
on Future Linear Colliders (LCWS15): Whistler, B.C.,
Canada, November 02-06, 2015 (2016) arXiv:1602.07748
[hep-ph].
[60] A. F. Zarnecki, J. Kalinowski, J. Klamka, P. Sopicki,
W. Kotlarski, T. Robens, and D. Sokolowska, in In-
ternational Workshop on Future Linear Colliders (2020)
arXiv:2002.11716 [hep-ph].
[61] C. Potter, (2020), arXiv:2002.02399 [hep-ph].
[62] S. Frixione, M. L. Mangano, P. Nason, and G. Ridolfi,
Phys. Lett. B319, 339 (1993), arXiv:hep-ph/9310350
[hep-ph].
[63] K. Fujii et al., (2017), arXiv:1710.07621 [hep-ex].
